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FDM Simulation of an Anomalous Later Phase from the Japan Trench Subduction Zone
Earthquakes
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Abstract—We investigated the development of a distinct later
phase observed at stations near the Japan Trench associated with
shallow, outer-rise earthquakes off the coast of Sanriku, northern
Japan based on the analysis of three-component broadband seis-
mograms and FDM simulations of seismic wave propagation using
a heterogeneous structural model of the Japan Trench subduction
zone. Snapshots of seismic wave propagation obtained through
these simulations clearly demonstrate the complicated seismic
wavefield constructed by a coupling of the ocean acoustic waves
and the Rayleigh waves propagating within seawater and below the
sea bottom by multiple reflections associated with shallow sub-
duction zone earthquakes. We demonstrated that the conversion to
the Rayleigh wave from the coupled ocean acoustic waves and the
Rayleigh wave as they propagate upward along the slope of sea-
floor near the coast is the primary cause of the arrival of the distinct
later phase at the station near the coast. Through a sequence of
simulations using different structural models of the Japan Trench
subduction zone, we determined that the thick layer of seawater
along the trench and the suddenly rising sea bottom onshore of the
Japanese island are the major causes of the distinct later phase. The
results of the present study indicate that for realistic modeling of
seismic wave propagation from the subduction zone earthquakes, a
high-resolution bathymetry model is very crucial, although most
current simulations do not include a water column in their simu-
lation models.
Key words: Numerical simulation, guided wave, outer-rise
earthquake, rayleigh wave, scholte wave, ocean acoustic wave.
1. Introduction
A large-amplitude, long-period (T = 15 s) Ray-
leigh wave packet is observed at F-net broadband
stations (OKADA et al. 2004) located onshore and on
islands of the Pacific Ocean from shallow, outer-rise
earthquakes occurring off the coast of Sanriku,
northern Japan. The amplitude of the later Rayleigh
wave is very large, almost as large as the S wave,
which is characterized as a predominant feature
emerging from long S wave coda.
Such later Rayleigh wave packets can be observed
in a special combination of source and observation
stations and when the ray path travels through the
deep Japan Trench. Therefore, this phase is expected
to be generated or converted during propagation
along the Japan Trench with strong lateral heteroge-
neities in the subduction zone structure. Since the
structure of the Japan Trench is formed by the sub-
ducting high-wavespeed Pacific Plate, steeply dipping
seafloor from land to offshore, thick low-wavespeed
sediments covering the seafloor and the subducting
plate, and deep seawater, the combined effect of each
heterogeneity is expected to modify seismic wave
propagation dramatically.
Clarification of the development process of such
large-amplitude later Rayleigh waves may improve
the knowledge of the complicated structure of the
Japan Trench subduction zone and is important in
order to clarify the character of the complicated
seismic wavefield due to shallow subduction zone
earthquakes.
Similar observations have been reported by
NAKANISHI (1992) from shallow earthquakes occurring
near the Kuril Islands above the Kuril Trench and for
stations in Hokkaido, northern Japan. YOMOGIDA et al.
(2002) demonstrated through a ray-theory-based sim-
ulation that a thick column of seawater parallel to the
trench axis acts a waveguide for the Rayleigh wave
during shallow earthquakes occurring near the trench.
Considering the similarity in the characteristics of the
observed phase and the source-to-station geometry, the
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observations of the present study at the Japan Trench
may have the same origin.
The purpose of this study is to investigate the
cause of such phenomena based on the analysis of
broadband seismograms and numerical simulation of
seismic wave propagation. In the following section,
we first analyze three-component broadband seis-
mograms of the F-net broadband network across
Japan in order to examine the characteristics of a
peculiar seismic phase more clearly, such as by
examining, for example, the particle motion, the
group velocity, and the Fourier spectrum of this
phase, in detail. We then perform computer simula-
tions of seismic wave propagation using the detailed
subsurface structure of the Japan Trench subduction
zone using a two-dimensional finite-difference
method (FDM). Through these simulations, we
examine quantitatively each contribution of the het-
erogeneity structure, such as sediment, topography,
and seawater, on the development of anomalous wave
propagation and the generation of the peculiar later
phase.
2. Observation of the Trench-Converted Rayleigh
Wave
A large, Mw 7.0, earthquake occurred off the
coast of Sanriku, northern Japan on 14 November
2005 at a depth of 18 km, which is categorized as an
outer-rise earthquake occurring within the subducting
plate before entering the subduction zone (Fig. 1;
Table 1). According to HINO et al. (2009), the source
mechanism of this event was normal faulting in
which the fault strike is run approximately north to
south, parallel to the Japan Trench axis. Such shal-
low, outer-rise earthquakes are infrequent but
sometimes occur off the coast of Sanriku and develop
major tsunami. The most significant damage from
such an event was the 1933 M 8.6 Sanriku earthquake
(KANAMORI 1971), which resulted in over 3,000
deaths in Japan and significant damage on the Island
of Hawaii. The event in 2005 occurred near the
source area of the 1933 event.
Seismograms from the 2005 Mw 7.0 Sanriku
earthquake were well recorded over a wide portion of
the Japanese Islands, clearly demonstrating the
propagation of the P and S waves, as well as the
propagation of a large Rayleigh wave that developed
as a result of the shallow earthquake. Moreover, an
anomalous later arrival appears in the seismogram of
the F-net broadband station of AOGF, at the Island
of Aogashima, located approximately 400 km south
Figure 1
Map of the source (stars S1–S3) and the F-net broadband stations
(triangles KZSF, HJOF, and AOGF) used in the present study. The
contours represent the depth of bathymetry with an interval of
1,000 m. The lines connecting the epicenters and stations are the
expected propagation paths of seismic waves along the great circle
path. The dashed line connecting S1 to AOGF indicates the profile
for 2D FDM simulation shown in Fig. 7
Table 1
List of earthquakes and source parameters
Origin time
(UTC)
Longitude Latitude Depth
(km)
Mw type
S1 2005/11/14, 21:38 144.90 38.11 18 7 outer-rise
S2 2005/11/01, 16:09 144.96 37.69 16 4.9 outer-rise
S3 2003/10/31, 01:06 142.62 37.81 15 7 interplate
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of Tokyo. The three-component displacement record
at AOGF is shown in Fig. 2. This record exhibits
large amplitudes and longer-period signals in three-
component motions. This peculiar signal (referred to
hereinafter as the X phase) has prolonged long wave
trains with a duration of approximately 130 s. The X
phase is identified in three-component motions and
has a large vertical (UD) component with the
amplitude that is comparable to those of the Rayleigh
wave and the S wave in horizontal motion. Assuming
the epicentral distance from the source to AOGF is
approximately 800 km, the apparent velocity of the X
phase can be roughly estimated to be 1.2 km/s, which
is too slow to be from surface waves propagating
directly from the source.
The Fourier spectrum of the X phase observed at
AOGF exhibits a narrow peak with a dominant period
of approximately T = 15 s, which is much longer
than that of the Rayleigh wave (T = 10 s) observed
at an earlier time (Fig. 3). The particle motion of the
X phase shown in Fig. 4 exhibits a linear polarization
in which the long axis of the trajectory is approxi-
mately in the direction of the hypocenter, but deviates
by approximately 20 eastward from the great circle
path. In addition, the particle motion of the X phase is
characterized by a retrograde motion in the vertical
plane. These observations indicate that the X phase is
the Rayleigh wave developed by conversion from the
S wave or the Rayleigh wave somewhere during the
propagation path from the source off the coast of
Sanriku to AOGF, but not above the source area.
The X phase of later, large-amplitude, long-period
signals is expected to also be observed at neighbor
stations of AOGF, unless the X phase is developed by
a localized anomaly below the station. We observed a
similar phase at F-net HJOF, located on the Island of
Hachijo, approximately 30 km north of AOGF
(Figs. 1, 5). However, no peculiar signal was
observed at KZSF on the Island of Kouzu, 90 km
further north (Figs. 1, 5). Thus, the observation area
of the X phase is extremely limited, even considering
the dense F-net network, indicating that this signal is
not developed near the source area, but instead is
Figure 2
Three-component displacement waveforms recorded at the AOGF
station during the 2005 earthquake off the coast of Sanriku (S1 in
Fig. 1). Each trace is normalized by its maximum amplitude. The
arrival of the P wave, the S wave, and the Rayleigh wave (R) are
indicated in the figure. The anomalously large later phase (X phase)
is indicated by X
Figure 3
Fourier amplitude spectra for the Rayleigh wave (dashed line in the
time window from 250 to 350 s) and for the X phase (solid line: in
the time window from 750 to 800 s) obtained from the UD
component displacement waveforms at AOGF
Figure 4
Particle motions of the X phase in (a) the horizontal plane and in
(b) the vertical plane for the AOGF station. The particle motion is
calculated in the time window from 750 to 800 s. Back azimuthal
direction to the epicenter along the great circle path is shown by an
arrow in (a)
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probably developed by the heterogeneous structure
near the AOGF.
We analyzed the waveform of shallow
(h \ 20 km) and relatively large (M [ 4.5) earth-
quakes in order to investigate the observation
conditions of the X phase. Figure 6 shows the vertical
component ground motion for other earthquakes,
namely, an outer-rise Mw 4.9 event at a depth of
16 km (mark S2 in Fig. 1) and an Mw 7.0 inter-plate
event at a depth of 15 km occurring near the coast
across the trench (mark S3 in Fig. 1). The source
parameters of these events are listed in Table 1. The
S2 event exhibits a similar type of phase in the record
of the AOGF. However, the S3 event does not pro-
duce such signals at all stations, even though the three
events are located closely to each other and S3 has a
large magnitude.
An examination of the ray path for three events
(S1–S3) and for three F-net stations (Fig. 1) confirms
that the ray path along which the X phase is observed
is aligned over the Japan Trench axis. On the other
hand the ray paths from S1 to KZSF and from S3 to
AOGF, where no X phase is observed, are approxi-
mately aligned outside the trench. These results
strongly suggest that the X phase is produced by a
thick seawater column along the Japan Trench, as
reported by YOMOGIDA et al. (2002) for Kuril Trench
events.
As observed in the structure of the sea bottom
topography shown in Fig. 1, there exists a strong
lateral change in topography and a triple junction of
the Japan Trench, the Izu-Bonin Trench, and the
Sagami Trench, which forms a very complicated
geometry of the ocean bottom with a layer of very
thick seawater near 10 km. Thus, in such a hetero-
geneous structure, the X phase is considered to
develop as a result of the conversion from the S wave
or the Rayleigh wave.
3. Numerical Simulation of the Trench-Converted
Rayleigh Wave
In order to examine the process in which the
peculiar X phase is developed in the Japan Trench,
we perform a two-dimensional FDM simulation of
seismic wave propagation using heterogeneous
structure models of the cross section of the Japan
Trench considering the case of off-Sanriku earth-
quake (Mw 7.0) and AOGF mentioned above.
Snapshots of the seismic wave propagation and syn-
thetic seismograms, which are obtained directly by
FDM simulation, are used to clarify in detail the
complicated seismic wavefield in the heterogeneous
structure and the development process of the X phase.
We also compare these synthesized waveforms to the
observed ones. Through a sequence of simulations
using different structural models, we determine how
each component of heterogeneity in the triple junc-
tion of the Japan Trench, which are the subducting
plate, the steeply dipping slope of the sea bottom, the
thick cover of sediment, and the deep seawater,
affects the propagation of the Rayleigh wave and the
development of the X phase.
Figure 5
Comparison of vertical component displacement waveforms
observed at neighboring stations around AOGF during the 2005
earthquake off the coast of Sanriku. Each waveform is normalized
by the maximum amplitude
Figure 6
Comparison of vertical component displacement waveforms at
AOGF for two earthquakes (S2 and S3, see Fig. 1). A band-pass
filter with a pass-band period of from 10 to 20 s is applied to the S2
waveform to cut large long-period noise, and the other waveforms
are unfiltered
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3.1. Simulation Model
The simulation model covers a zone of 1,000 km
by 200 km from the hypocenter off the coast of
Sanriku to the F-net AOGF station along the Japan
Trench (Fig. 7 and the dashed line in Fig. 1). The 2D
profile of the simulation model is constructed along a
line that twists slightly from the great circle path from
source to station in order to avoid cutting through the
seamounts above the ray path. The seamount is
\10 km, which is too small to have a strong effect on
the propagation of the X phase of longer wavelength
(approximately 18 km). However, the effect may be
overestimated in the present 2D simulation because
2D simulation assumes that the structure and wave-
field continue infinitely in the direction perpendicular
to the 2D model.
The subduction zone structure along the Japan
Trench shown in Fig. 7 is obtained from the seafloor
topography data J-EGG500 compiled by the Japan
Oceanographic Data Center, the subsurface structure
by J-SHIS by National Research Institute for Earth
Science and Disaster Prevention, and the depth of the
subducting plates obtained from the Special Project
for Earthquake Disaster Mitigation in Urban Areas.
The physical parameters of the P and S wave speeds,
the density, and the anelastic attenuation coefficients
(Qp and Qs) for each layer are listed in Table 2. The
simulation model shows a laterally heterogeneous
structure with a large impedance contrast between the
high-wavespeed subducting plate (Vs = 3 km/s) and
the overlying thick (1–4 km), low-wavespeed sedi-
ments (Vs = 1 km/s) and the thick layer of seawater
above the subduction zone, which might produce
strong conversion and scattering of the seismic
wavefield.
A seismic double-couple source of normal fault is
located 18 km below sea surface (approximately
12 km below the seafloor), which radiates seismic
waves with a HERRMANN (1979) bell-type source-time
function. The radiation pattern of the source is set
considering the realistic mechanism which has the
strike angle of 181, dip of 43 and strike -104
determined by Harvard Global CMT Catalogue.
Considering the width of source fault model derived
by HINO et al. (2009), we set the source time duration
of 10 s.
The seismic wave propagation is evaluated by
calculating the equations of motion and constitutive
equations based on a fourth-order staggered-grid
FDM. The anelastic attenuation for the P and S waves
(Qp and Qs) is modeled in the FDM simulation based
Figure 7
Model of a 2D FDM simulation along the profile from S1 to AOGF (broken line in Fig. 1). The physical parameters of each medium are
shown in Table 2
Table 2
Physical parameters for the 2D FDM simulation model
Density (103 kg/m3) Vp (km/s) Vs (km/s) Qp Qs
Seawater 1.00 1.50 0.00 – –
Sediment 1.80 3.50 1.00 90 50
C1 2.70 6.00 3.53 680 400
C2 2.80 6.70 3.94 680 400
PH1 2.40 5.00 2.90 340 200
PH2 2.90 6.80 4.00 510 300
PH3 3.20 8.00 4.70 850 500
PC1 2.60 5.40 2.70 340 200
PC2 2.80 6.50 3.40 510 300
PC3 3.40 8.10 4.60 850 500
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on the memory variable technique (HESTHOLM 1999).
A perfectly matching layer (PML) absorbing bound-
ary condition (CHEW and LIU 1996) is applied in the
20 grid points surrounding the model in order to
suppress artificial reflections from model boundaries.
In this simulation, we introduced an accurate
fluid–solid boundary condition developed by
OKAMOTO and TAKENAKA (2005) at the sea bottom
and the sea surface, because such fluid/solid and
fluid/air boundaries might be crucial in the develop-
ment of the Rayleigh wave due to the coupling of the
P and SV waves at the boundary and in the
propagation and scattering of the Rayleigh wave
over irregular sea topography.
The FDM simulation model is discretized with a
grid interval of 1 km in the horizontal (x) direction
and with a finer grid of 0.2 km in the vertical
(z) direction in order to model the heterogeneous
structure more effectively. The minimum S wave
velocity in the sediment (Vs = 1 km/s) and the
relatively small gridding (dx = 1 km) allows seismic
wave propagation with periods longer than T [ 8 s
with a sampling of eight grid points per minimum
wavelength. By 200,000 time-step calculations with a
time increment of dt = 0.005 s, we simulated seismic
wave propagation for 1,000 s.
3.2. Simulation Results
The results of the FDM simulation are shown in
Fig. 8 along with snapshots of the seismic wave
propagation at t = 100, 300, 500, 600, and 650 s
from the start of the earthquake and a synthetic
seismogram of vertical component ground motion of
each distance recorded at the sea bottom or on land.
In the snapshots, the P and the SV wavefields are
separated by taking the divergence and the rotation of
the 2D wavefield, respectively. The contribution of
the P wave is shown in red in the elastic media and
blue in the water, and the contribution of the SV wave
is shown in green. Such visualization of the P and SV
waves is very useful in order to identify the
characteristics of the seismic phases and to clarify
the coupling and conversion between P and SV waves
at model boundaries.
The sequence of snapshots indicates that the
propagation of P and S waves occurred at relatively
faster speeds below sea bottom and that the ocean
acoustic waves propagated in seawater by multiple
reverberations. The amplitude of the Rayleigh wave
developed at the sea bottom is very large due to the
shallow, large earthquake. As the Rayleigh waves
propagate along the sea bottom with a relatively slow
wave speed, a long, dispersed wave train gradually
develops. In this model, the dispersion of the
Rayleigh waves is striking when propagation in the
subduction zone due to very large velocity and that in
the low-velocity (Vs = 1 km/s) sedimentary layer
and the high-velocity oceanic crust (Vs = 2.4 km/s)
are compared. The dispersed Rayleigh wave extends
more than 300 km, as indicated by the synthetic
seismograms with a long-time duration of ground
motions of more than 200 s following the S wave. In
addition, a group of water acoustic waves propagat-
ing in the deep (approximately 6 km) sea is revealed
by multiple reflections between the sea surface and
the sea bottom, which develop long wave trains
having slow propagation speeds of approximately
1.1–3.2 km/s. The amplitude of the water acoustic
wave developed by radiation of the P wave from the
shallow earthquake is very strong, and, moreover, the
attenuation of the water acoustic waves is very weak
due to the very small anelastic attenuation for the P
wave (high Qp) in water. The sequence of snapshots
indicates that coupling of the Rayleigh wave and the
water acoustic wave occurs at the sea bottom,
producing a long-period, monochromatic waveform
with a period of approximately T = 15 s. Such a
coupled wave of the Rayleigh wave and the water
acoustic wave is often referred to as the Scholte
wave, a kind of Stoneley wave, which is often
observed in geophysical experiments in oceanic area
(e.g., ESSEN et al. 1998; KUGLER et al. 2007). The
Scholte wave is also known as a tube wave observed
during seismic experiments in a fluid-filled borehole
(e.g., HENRIET et al. 1983). The tube wave shows
much shorter period \0.1 or 0.01 s.
In the snapshots at later times (t = 600 s) the
coupled Rayleigh wave/water acoustic wave propa-
gating upward along the steeply uplifting seafloor
slope (at a distance of 600–800 km from the hypo-
center) are found to be converted to the Rayleigh
wave (denoted by X in the snapshots). Then, the
converted Rayleigh wave propagating into the inland
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acquires large amplitude, which is comparable to the
direct S wave, and propagates at a faster speed, which
can be observed at AOGF stations at a distance of
900 km as a distinct phase. The synthetic seismo-
grams of the vertical and radial component ground
motions at AOGF obtained from the present simula-
tion are shown in Fig. 9, demonstrating a large,
monochromatic later wave packet with a duration of
approximately 100 s and a dominant period of
T = 15 s. The characteristics of the simulated signal
explain very clearly the observed feature of the X
phase at AOGF from the 2005 earthquake off the
coast of Sanriku (Fig. 2). The retrograde particle
motion of the X phase shown in Fig. 9b obtained
from the present simulation also agrees very well
with the observation (Fig. 4).
The results of the simulation clearly demonstrate
the development of the X phase at AOGF due to
conversion from the coupled water acoustic wave and
the Rayleigh wave to the Rayleigh wave at the
offshore uplifting slope of the seafloor. However,
such an X phase was not observed at KZSF (Fig. 5),
even though KZSF is located near AOGF. In order to
explain why the X phase is not observed at KZSF, we
performed another FDM simulation using a structural
model from the source to KZSF.
Figure 8
Snapshots of seismic wave propagation at each time step from the start of the earthquake. Green and red represents P and S waves,
respectively, and blue represents water acoustic waves. Major phases such as P, S, and Rayleigh waves and the X phase are indicated. A
synthetic seismogram of the vertical component ground motion is shown at the top
FDM Simulation of an Anomalous Later Phase
Snapshots of the seismic wave propagation and
synthetic seismograms of the vertical ground motion
are shown in Fig. 10, illustrating the development of
the coupled ocean acoustic/Rayleigh waves and
conversion to the Rayleigh wave at a very steep
sloop of seafloor, which extends from 400 to
500 km. In this simulation, the distance between
KZSF and the turning point of the seafloor slope is
too short to separate the usual Rayleigh wave and
the Rayleigh wave to develop a clear X phase. The
dominant period of the X phase is approximately
comparable to the Rayleigh wave (T = 10 s), which
also makes the separation of two signals difficult.
Such characteristics reproduced in the synthetic
seismograms of the vertical and horizontal ground
motions at KZSF obtained by the simulation, as
shown in Fig. 11, agree well with the observation
shown in Fig. 5.
3.3. Effect of Seawater
In order to clarify the contribution of each
heterogeneous structure that makes up the Japan
Trench subduction zone to the development of the
large-amplitude X phase, we then conduct an
additional simulation using a different structural
model, including or excluding each portion of the
heterogeneous structure. In this simulation, we
construct a simplified structure of flattened topogra-
phy from the actual heterogeneous structure of the
Japan Trench subduction zone in order to increase
the visibility of the wavefield change as the model
changes (Fig. 12).
We first examine the effect of the thick layer of
seawater covering the Japan Trench on the develop-
ment of the X phase at AOGF. Figure 13 compares
snapshots of the seismic wavefield and the synthetic
seismograms of the vertical-component ground
motion at AOGF obtained from the simulations using
different sea depth models of h = 0, 3,000, 6,000,
and 9,000 m. Note that, as shown in Fig. 13, the
inclination angle of the seafloor slope also changes
with sea depth.
The results of the simulations reveal that the
shape of the Rayleigh wave and the X phase change
very dramatically with increasing sea depth from 0 to
9,000 m, although the shape of the direct P and S
waves is unchanged. The X phase gradually separates
from the preceding Rayleigh waves. In addition, the
propagation speed of the X phase increases as the
thickness of seawater increases. Moreover, the X
phase is confirmed not to develop in the absence of
seawater. This result supports our interpretation that
the X phase is a converted wave from the propagating
coupled water acoustic waves and the Rayleigh wave,
rather than simply originating the Rayleigh wave
propagating along the sea bottom. Compared with the
set of waveforms obtained from the present simula-
tion (Fig. 13), the simulation results for a depth of
6,000 m is preferable for explaining the observation
at AOGF with respect to the arrival time, the duration
of the wave packet, and the amplitude of the X phase
relative to the preceding S and Rayleigh waves.
The results of the present simulation also support
the findings of YOMOGIDA et al. (2002) and HATAYAMA
(2004), who reported that the propagation of the
Figure 9
Simulated displacement waveforms at AOGF with vertical and horizontal (radial) motions and particle motion in the vertical plane
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Rayleigh wave in a relatively short period of less than
approximately T = 10–15 s is strongly influenced by
the effect of seawater.
3.4. Effect of the Sedimentary Layer
We then examine the effect of low-wavespeed
sediment on the development of the X phases based on
the set of simulations including or excluding the
sedimentary layer that covers the seafloor. As shown in
Figs. 7 and 12, a thick (2–3 km) low-wavespeed
(Vs = 1 km/s) sediment layer produces a large veloc-
ity contrast between the subducting plate and the
seawater. Thus, the sediment layer is expected to have
a strong effect on the development and propagation of
the coupled ocean acoustic waves and the Rayleigh
wave as well as on the development of the X phase.
We performed a set of simulations with sediment
thicknesses of 0, 2, and 3 km, while maintaining the
Figure 10
As Fig. 8, but obtained using the FDM simulation along a profile from the source to KZSF
Figure 11
Simulated displacement waveforms at KZSF with vertical and
horizontal (radial) motions and particle motion in the vertical plane
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Figure 12
Simplified model for the 2D FDM simulation of the X phase. The physical parameter of the each layer is shown in Table 2
Figure 13
Comparison of the vertical component displacement waveform at AOGF obtained by the FDM simulation considering the change in the
waveform with varying sea depth from (a) 0 m, (b) 3,000 m, (c) 6,000 m, and (d) 9,000 m
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angle of the slope of the sea bottom. The seawater
depth and the hypocentral depth are also maintained
as 6 and 12 km, respectively, below the seafloor.
The results of the simulations reveal the delay in
the arrival of the X phase increases as the thickness of
the sedimentary layer increases. However, the wave-
form of the X phase is almost unchanged, irrespective
of the structure of the sedimentary layers, and is
developed even when no sedimentary layer exists.
The results of the present simulations confirm that the
low-wavespeed sedimentary layer at the top of the
seafloor has a rather minor effect on the development
of the X phase.
3.5. Effect of Inclined Seafloor
Finally, we examine the role of the inclined
seafloor at the seashore on the development of the X
phase induced by conversion from the coupled water
acoustic waves and the Rayleigh wave at the seafloor
slope. We examined the strength of the developed X
phase in two models of a gently dipping slope
(Fig. 15b) and a vertical cliff (Fig. 15c), which are
compared with the reference model of a rather steep
slope (Fig. 15a) that was used in previous simulations
(Figs. 13, 14).
The results of simulation demonstrate that the
change in the inclined angle of the seafloor
modifies the X phase dramatically. The conversion
to the X phase from the gentle slope is found to
produce a compact X phase with larger amplitude
and shorter duration (Fig. 15b). Snapshots of the
simulated seismic wavefield reveal that the conver-
sion to the X phase from the coupled ocean
acoustic waves and the Rayleigh wave starts
immediately after a relatively short distance, so
Figure 14
Comparison of the vertical component displacement waveform at AOGF obtained by the FDM simulation considering the change in the
waveform as thickness of the sediment at sea bottom changes from (a) 0 m, (b) 2 km, and (c) 3 km
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that the elongation of the coupled wave due to
dispersion does not occur beforehand. This model
resembles the geometry of the earthquake that
occurred off the coast of Sanriku as observed at
KZSF, as shown in Fig. 10.
It is also confirmed that the X phase does not
develop without the slope of the seafloor so much,
because the vertical cliff reflects the coupled water
acoustic waves and the Rayleigh wave (Fig. 15c).
The results of the present simulation reveal that the
conversion to the X phase and the observation on
land depends strongly on the coastal structure of the
seafloor, particularly the slope angle of the seafloor.
This is the primary reason why the visibility of the X
phase is limited to only certain combinations of
hypocenter and station, like a case of off-Sanriku
earthquake and AOGF.
4. Discussion and Conclusion
In the present paper we investigated the cause of
the distinct later arrival of the Rayleigh wave, refer-
red to as the X phase, associated with shallow, outer-
rise earthquakes observed at some coastal stations by
analyzing three-component broadband seismograms
of the F-net and 2D FDM simulations of seismic
wave propagation using a heterogeneous structural
model cutting through the Japan Trench subduction
zone.
The snapshots of the seismic wave propagation
obtained by the simulation reveal very clearly the
complicated seismic wavefield of the ocean acoustic
waves and the Rayleigh waves propagating in the sea
by multiple reflections and along the sea bottom. The
snapshots reveal that a strong coupling and mutual
Figure 15
Comparison of the vertical component displacement waveform at AOGF obtained by the FDM simulation considering the change in the
waveform as the structure of offshore slope of sea bottom change for (a) steep slope, (b) gentle slope, and (c) no slope (cliff) models
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conversion occur between the ocean acoustic waves
and the Rayleigh waves at the sea bottom, which
produces a large and dispersed long-wave train of the
Rayleigh wave as the propagation distance increases.
As the coupled ocean acoustic waves and the Ray-
leigh wave approaching the coast, they are converted
to the Rayleigh wave at the slope of the sea bottom
and are observed at onshore seismic stations to have
large amplitude. The X phase observed at AOGF
during the outer rise events off the coast of Sanriku
was developed in such manner. The explanation of
the developing process of the X phase presented
herein somewhat resembles the results of YOMOGIDA
et al. (2002), who explained that the thick layer of
seawater in the trench is very important for guiding
seismic waves over long distances and at low wave
speed based on the ray-theory-based simulation.
However, the results of the presented study that were
based on the FDM simulation of seismic wave
propagation using realistic heterogeneous subduction
zone structure also demonstrated that the X phase is
not simply the Rayleigh wave developed directly
from the source, but rather is the converted wave
offshore along the dipping seafloor induced by con-
version from the coupled water acoustic wave and the
Rayleigh wave propagating in the deep sea. There-
fore, observation of the X phase at onshore stations
depends strongly on the incline angle of the seafloor
topography near the coast but does not depend on the
sea depth.
The synthetic seismogram of the AOGF station
obtained by FDM simulation using the structural
model of the Japan Trench succeeded in demon-
strating the major characteristics of the observed X
phase, such as the arrival time, the particle motion,
the relative strength compared with the S wave, and
the dominant period of the X phase. We also con-
firmed through a set of simulations that the shape of
the X phase is very sensitive to structural heteroge-
neities, such as the thickness of the seawater layer
and the seafloor topography, although these hetero-
geneities do not modify the waveform of the wave
shape of the direct P and S waves or the Rayleigh
waves. Therefore, observation of the X phase can be
applied to clarify the structural model and physical
parameters of the Japan Trench through comparison
with the observation and computer simulations.
Most current ground motion simulations for sub-
duction zone earthquakes use 2D and 3D structural
models, in which the existence of seawater is not
taken into account. This is due primarily to increasing
computational cost when including a low-wavespeed
(Vp = 1.5 km/s) water column in the simulation
model and the numerical stability problem associated
with the low-wavespeed layers. However, the results
of the present study emphasize the importance of the
water layer on the propagation of the Rayleigh wave
when examining relatively short-period signals of
less than approximately T = 10–15 s, as has been
discussed extensively by numerous researchers,
including SHAPIRO et al. (2000), HATAYAMA (2004),
FURUMURA et al. (2008), and PETUKHIN and KAGAWA
(2010). The simulation of the present study was
restricted to the 2D case, but the effect of water layers
with a laterally heterogeneous subsurface structure of
the subduction zone should be more crucial in 3D.
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